Gold nanoparticles can be synthesized chemically or physically. In the chemical approach, gold nanoparticles have been synthesized by the reduction of a diluted metal salt in an aqueous solutions composed of a reducing reagent and a stabilizing surfactant such as cetylrimethylammonium bromide (CTAB). Such a chemical approach can easily yield stable gold nanoparticles or nanorods with plasmon absorption peaks ranging from visible to NIR wavelengths. However, Au nanoparticles/nanorods produced by this technique are not free from undesired toxic components whose micelle concentrations might be much higher than the reported threshold for cytotoxicity for collaterally damaging healthy cells or tissues [1] . In the physical approach, the laser ablation in liquid technique has been used. With this technique, a high-power laser beam is focused for an appropriate time onto a gold target that is submerged in a liquid environment. The solid and the liquid layer immediately adjacent to the solid surface are heated, melted and ionized rapidly producing a high temperature, high pressure plasma plume containing highly ionized species. Subsequently, these excited species are ejected and react with each other and with the liquid molecules to form nanoparticles that are supercooled by the surrounding liquid. The technique has been used successfully to generate nanoparticles and nanomaterials by ablating metals and metal oxides in deionized water and solvents [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In terms of the final product purity, this technique is more advantageous than the chemical one because it can generate stable nanoparticles without the need of using chemical reduction reactions or ion exchange, thus, nanoparticles obtained are free of extraneous ions or other chemicals. Additional benefits can be deduced from the influence of the liquid environment which can provide further chemical effects such as oxidation, surface functionalization, etc. and physical effects such as cooling and confinement for size and size distribution control. The disadvantage is, however, that the particle size distributions of the nanoparticles produced by this technique tend to be widened. This is possibly due to agglomeration and ejection of the relatively large metal fragments during the ablation process. To obtained narrow particle size distribution, different surfactants must be used. Thus, the problem of chemical contamination cannot be eliminated. In this paper we report our results on the synthesis of gold nanoparticles using the laser ablation in liquid technique and we use chitosan or starch as the stabilizing agent. The ablation uses two lasers that are arranged in a cross-beam configuration. One beam, called ablating beam, is focused on the gold target and one beam is focused slightly away from the target surface and onto the vapor plume generated by the ablating beam. This arrangement is better than the conventional single-beam laser ablation because the ablated particles by the ablating beam can be effectively further ablated into smaller size and pushed away from the solid surface by the second beam allowing the ablating beam to reach the solid surface without being significantly absorbed. Thus, the technique not only generates small size particles but also yields higher ablation rate.
Gold nanoparticles have been found as a valuable material in many different fields, from material to medical sciences. Gold nanoparticles have been used for single electron devices. TiO 2 -supported gold nanoparticles display a highly selective catalytic activity for CO oxidation at low temperature. For medical applications, gold nanoparticles can be used as ultrasensible biosensors, cancer identifiers, thermal treatments of localized prostate, kidney and many other cancer cells. For these applications, the particles should be stable, pure, well-controlled size, shape and narrow size distribution. Chitosan is a cationic surfactant. It is one of the most important natural polymers isolable from crustacean cell. Being a cationic polysaccharide, chitosan has a high positive charge that counteracts the anionic charge of the gold nanoparticles once they are dispersed within the solution. Starch, on the other hand, can be considered as an anionic surfactant. It is a renewable polymer formed by the α-1,4 linkages between D-glucose units and adopts a left-handed helical conformation in aqueous solution. When dissolved in water, starch can facilitate the complexation of metal ions to the molecular matrix by its extensive number of hydroxyl groups. With their excellent biodegradable and biocompatible characterisrics, using chitosan or starch for protection and stabization of gold nanoparticles will not introduce any environmental toxicity or biological hazards. Although these natural polymers have been used as the effective reducing and stabilizing agents in the chemical synthesis of silver, gold nanoparticles [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , use of these natural polymers to stabilize and control the morphology of the nanoparticles produced by the laser ablation in liquid technique has not been investigated. We study this problem because there are several key advantages to the use of these renewable polymers as the protecting agents. First it is possible to form a dispersion of chitosan or starch in H 2 O, and so one can completely avoid the use of organic solvents. Second, the binding interaction between starch and the metal molecules is relatively weak as compared to the interactions between the nanoparticles and typical thiol-based protecting groups. This implies that the protection should be easily reversible at relatively higher temperatures. Finally, due to its water solubility, no toxicity, biocompatibility, biodegradability, and gel/film-forming properties, chitosan or starch-protected nanoparticles can be readily integrated into systems relevant for pharmaceuticals and biomedical applications.
Experiments
The present experimental apparatus was described in details elsewhere [7] and it will not be repeated here. In summary, the laser ablation apparatus used two single-mode, Q-switched Nd-Yag lasers to create two laser beams that were arranged in a cross beam configuration as shown in Figure 1 . In this study, the lasers were operated at 10 Hz rep rate with a pulse duration of 5.5 ns. The laser beams were 10 mm below the liquid surface and the metal target was located at 50 mm from the cell window facing the ablation beam. The fluence of the ablation beam was 0.265 J/cm 2 and the wavelength was 1064 nm. The wavelength and the fluence of the second beam were constant at 0.09 J/cm 2 and 532 nm, respectively. Gold sample (25 x 25 mm and 1 mm thick) with 99.998% purity was purchased from Alfa Aesar. The sample had a smooth surface and it was used as received. Chitosan ( > 75% 80% deacetylation) and starch were purchased from Sigma-Aldrich. Medium molecular weight (MW) chitosan had a molecular weight of 103.200 g/ mol and low molecular weight chitosan had a molecular weight of 72.189 g/mol.
When chitosan was used, the liquid base was prepared by mixing 0.1 weight percent (wt%) chitosan into deionized water (dw) having 0.5 vol% acetic acid then stirred for 24 hours using a magnetic stirrer. When starch (corn or potato) was used, the liquid base was prepared by mixing 1 wt% starch with neat deionized water for 24 hours and the remaining starch particles were removed by centrifuging the solution at 20,000 rpm for 45 minutes. The concentrations of chitosan and starch used here are found to be in the levels that effectively stabilize the ablated nanoparticles.
Colloidal suspensions were obtained and carefully sampled for UV-VIS spectroscopy, transmission electron microscope (TEM) observations. The UV-VIS spectroscopy observations were made using an OceanOptics CHEMUSB4000 UV/VIS/NIR spectrometer. The background signal of each sample was subtracted from the raw data signal by prior calibration.
Since particle accumulation in the focal region affects both the laser target heating and the confinement action due to the liquid in which the ablated solid is submerged, such dispersion behaviors are believed to have a significant effect on the ablation rates as well as the particle morphology. In Figure 3 , we show the UV-VIS spectra obtained for Au nanoparticles ablated in dw and dw containing 0.1 wt% chitosan after 15 minutes. In the case that the liquid was not stirred, the ablation amount was about 4 mg and the curve representing the particles produced in dw had a plasmon peak located at about 525 nm with its shoulder extended toward the infrared region. While in dw containing 0.1 wt% chitosan, the ablation amounts were about 3 mg and the plasmon peaks were slightly blue-shifted and located at about 519 nm. When the liquid was stirred, the ablated particles were removed from the solid target quickly and the ablation rate increased significantly.
The UV-VIS data was collected and analyzed using SpectraSuite software. The TEM observations were performed using a JEOL 200CX at 200kv. A small drop of each sample was placed on a copper grid and allowed to dry before being examined in the transmission electron microscope. The TEM images were analyzed using the Image-Pro plus and Gatan Digital Micrograph program.
Results and Discussions
In this section we are presenting our preliminary results on Au nanoparticles ablated in neat dw, dw-chitosan, and dw-starch solutions for different ablation cases. In general, all Au nanoparticles generated here were polycrystalline particles with sizes ranging from 1 nm to about 30 nm depending on the ablation conditions. In all cases, the nanoparticles were formed initially in the plasma plume and dispersed slowly into the liquid in all directions. However, the particle dispersion was much slower in the presence of chitosan than it was in neat dw or in dw containing starch as typically shown in Figure 2 . In fact, in the case with chitosan, the particles accumulated in the vicinity of the ablation region while in the case with neat dw or dw containing strach, the particles were spreading almost in all directions. This can be attributed to the difference in the liquid viscosities (viscosity of dw+0.1 wt% low molecular chitosan is about 6 cp while the viscosity of DW-0.1 wt% medium molecular weight chitosan is 12 cp and the viscosity of neat dw or dw containing starch is about 1 cp). In contrast, when gold was ablated in dw containing either chitosan or starch, the resulting suspension became stable with smaller, isolated, and well dispersed particles. Its color and luminescence remained unchanged for months as typically shown in Figure 6 for the case where the ablation was carried out in dw with chitosan as a stabilizer.
The TEM images shown in Figure 4 (a) and (b) are for the gold particles produced in deionized water using both the single and double beam ablation approaches. General observations indicated that Au nanoparticles produced in dw were big. The particle sizes from about 10 to 40 nm were observed when the single-beam ablation was used while the distribution was about 5 nm to 15 nm were seen when the two-beam ablation was used. These particles were not stable, they agglomerated and connected together in a random structure and settled on the cell bottom after about few hours at rest. Such the unstable behavior can be seen in Figure 5 where the luminescence of the suspension was recorded for 24 hours. To measure the luminescence from the suspension, we used a continuous beam at 532 nm. The transmission of the excitation beam and the luminescence from the suspension were detected using a detector. Included in the figure are the photographs of the fluid vial taken at three different times. It is clear that, when the suspension was created, it was opaque to the excitation beam and the luminescence was significant in the wavelength region spreading from 600 to 900 nm. As time went on, the intensity of the excitation beam increased while the intensity of the luminescence decreased and disappeared after about 24 hours. The corresponding fluid in the vial became clear with significant amount of black particles were seen to settle on the bottom of the vial. Figure 7 shows the TEM results for Au nanoparticles ablated in dw containing 0.1 wt% of low and medium molecular weight chitosan. It seems that the affect of the chitosan molecular weight on the particle size and shape was not well demonstrated, this might be simply because the TEM instrument does not provide high resolution images. For the single laser ablation case, the particles had a wide size distribution ranging from about from 1 nm to 20 nm in diameter. Some small particles were more isolated while others were also seen to attach to the larger one. Thus, in the presence of chitosan, the size of the ablated particles was reduced significantly but the size distribution was clearly not affected. This is similar to the results reported by Tsuji et al. [11] on silver nanoparticles. Such a size reduction observed here is due to the attachment of chitosan molecules to the surface of the ablated particles preventing them from growth and agglomeration. As a result, the particles become isolated and well dispersed and the laser beam is able to interact with more particles in the dw-chitosan solutions than in the neat water. For the two-beam ablation case, the size of the gold nanoparticles was reduced considerably, allowing the particles to be more uniformly dispersed throughout the solution. The particle sizes distribution was narrower with size ranged from 1 nm to 5 nm, some particles as large as 10 nm were also visible. Figure 8 shows the TEM images of Au particles ablated in dw containing starch indicating that similar results on the particle size and size distributions were also obtained when starch was used in the place of chitosan. In the case of potato, however, these particles had a uniform cylindrical shape of about 20 nm in length and about less than 5 nm in diameter. Thus, Au nanorods can be synthesized by using potato starch as a stabilizer. Laser-induced particle fragmentation has been reported [11, 12, [23] [24] [25] [26] . However, the profound reductions in the particle size and size distribution observed here cannot be attributed simply only to the coupling effects between the ablated particles and the second laser beam that can further heat, melt, and fragment the ablated particles into smaller size particles. This is because smaller particles are more reactive and they are easily agglomerated. To prevent agglomerations, the surface of these particles must be functionalized with some stabilizing molecules so that they can be isolated and stably dispersed. Tsuji et al. [11] have reported a study on the preparation of silver nanoparticles by laser ablation of a silver target in PVP solutions. Using a secondary laser irradiation onto the silver colloids prepared in neat water and in PVP solution, they reported that the population of particles smaller than 5 nm increased significantly in PVP solutions while in the neat water many particles larger than 30 nm were observed. Thus, the combined effects of chitosan or starch stabilization and laser-induced particle fragmentation are responsible for the reductions of the particle size and the size distribution shown in Figure 7 and 8.
From the results above, even with the presence of chitosan/starch, the multi-beam ablation approach produced nanoparticles with much narrower size distribution than did the single-beam ablation approach. It has been discussed by Yang [2] that the formation of nanoparticles by laser ablation in liquid involves with nucleation, phase transition, and nanocrystal growth and agglomeration processes. The nucleation time and growth time of nuclei are the two main factors that determine the ablation rate, the final size, and the size distribution of the nanoparticles produced by laser ablation in liquid. These two factors depend mainly on the particle concentration, mobility, the shock-induced particle dispersion, and the thermodynamic properties of the plasma plume which all depend strongly on the density and the viscosity of the surrounding liquid. In the presence of chitosan, the solution becomes heavier and more viscous. Particles produced in the plasma plume confined in such a heavy and viscous liquid, therefore, have more time to grow and interact with the laser beam but insufficiently with the chitosan molecules before they reach the bulk liquid. As a result, particles with different sizes are generated. In the case of multi-beam ablation, the fragmented particles are well protected by chitosan molecules. The particles sizes become smaller and the size distribution become narrower.
We have conducted a study on the green synthesis of nontoxic gold nanoparticles. It was found that using two-beam laser ablation in liquid together with biodegradable and biocompatible natural polymers such as chitosan or starch, stable, nontoxic, and biocompatible gold nanoparticle suspensions can be synthesized. It was also found that the two-beam laser ablation technique could produce small and well dispersed nanoparticles and yields higher ablation rates. This is mainly due to the ability of the second beam to effectively interact with the particles produced by the ablating beam.
Conclusions

